. Annual local extinction probability for forest specialists decreased with increasing habitat complexity, strengthening the potential value of shade restoration as a tool to enhance habitat for avifauna that evolved in forested landscapes.
Introduction
Agriculture is a driving force behind the alteration of natural landscapes (Tilman et al. 1994; Lambin & Meyfroidt 2011) . This activity contributes to landscape fragmentation, a process that influences the spatial arrangement and quality of remnant habitats, and thereby the persistence of species (Hanski 1998; McKinney & Lockwood 1999; Blair 2001; Fahrig 2003) . Responses by individual species to agricultural practices are complex, depending on resource specialization, mobility, and life history strategies (Jeanneret et al. 2003; Drew et al. 2013 ).
For many species natural and agricultural landscapes are mutually exclusive, but studies have also shown that many vertebrate species inhabit and benefit from agricultural landscapes (Jeanneret et al. 2003; Baum et al. 2004; Holland et al. 2012; Drew et al. 2013 ). Thus, rather than always viewing agricultural activities and conservation as mutually exclusive endeavors, a more fruitful path is to elucidate ways to harmonize both endeavors (Lui et al. 2007; Kareiva & Marvier 2012; Radeloff et al. 2015) .
A promising pathway is to adopt agricultural practices, such as shaded coffee or cacao plantations, that have the potential of becoming functional replacements of historic forested landscapes (Brash 1987; Rice & Greenberg 2000; Perfecto & Vandermeer 2015) . Coffee production under a canopy of shade trees has been widely recognized as an effective method to conserve biodiversity and retain a wide range of ecological services (Perfecto et al. 1996; Rappole et al. 2003; Rice 2003; Kellermann et al. 2008; Borkhataria et al. 2012a Borkhataria et al. , 2012b . This realization has prompted certification programs aimed at promoting the consumption of shade-grown coffee as an opportunity to conserve habitat for avian species and support the livelihood of local communities (Mas & Dietsch 2004; Perfecto et al. 2005; Philpott et al. 2007 ). Avian species benefit from coffee cultivation because plantations contain structural features (e.g. understory and shade layers) and provide resources found in secondary forests (Brash 1987; Wunderle & Latta 1998; Moguel & Toledo 1999; Philpott et al. 2008; Bakermans et al. 2012; McDermott et al. 2015) . At landscape levels, these attributes could have major implications on the persistence of species as illustrated by resident avifauna in Puerto Rico in the twentieth century. It is purported that shade coffee plantations provided refugia to forest specialists, ameliorating extinction rates by providing functionally equivalent forested habitat at a time of widespread deforestation on the island (Brash 1987; Carlo et al. 2004; Gleffe et al. 2006) . Forest cover decreased to less than 10% of its original extent by the 1930s, recovering to about 57% by 2003 as the island transitioned to an industrial-based economy (Birdsey & Weaver 1987; Lugo & Helmer 2004; Brandeis et al. 2007 ). At present, there are no estimates of the extent of primary forest because suspected remants are fragmented and of unknown history (FAO 2014) .
Shaded coffee production in Puerto Rico has increased since 2000 after a period of approximately 40 years of agricultural intensification toward sun coffee (Vilsack & Clark 2009 ). This resurgence has been characterized by restored, specialized shade coffee (Moguel & Toledo 1999; Barral et al. 2015) . Specialized shade coffee in Puerto Rico refers to a system that usually starts as a sun plantation (or trees are removed) and replaced almost exclusively with Inga vera, Inga laurina, Andira inermis, and Cordia alliodora. The first three species are leguminous trees that provide shade, fruits, and flowers for birds. Cordia alliodora has large surface roots that help prevent soil erosion and is also valued as a source of timber (Beer et al. 1998) . These species exhibit rapid growth (up to 0.52 cm/year; Weaver & Birdsey 1990) and are planted in a 12 × 12 m lattice with C. alliodora at the center. The restoration program aims for a canopy cover of 30-40% deemed to be ideal shade cover for coffee production in Puerto Rico (Miranda-Castro & Padrón 2005) . Secondary forest sites in this study had an average canopy cover of 52 ± 5% (Battle 2017). Aside from providing trees and guidance on planting trees, the program does not dictate how farmers manage their plantations (e.g. use of agrochemicals).
Herein, we evaluated demographic responses of resident avian species to the shade restoration program initiated in Puerto Rico in (Miranda-Castro & Padrón 2005 . This work was designed to determine (1) whether occupancy probability of selected avian species changed since time of initial restoration, and if so, (2) whether vegetative structural changes in plantations influenced local persistence probability (one-local extinction). We addressed the first question by estimating the local occupancy probabilities of 12 resident avian species in restored farms as compared to occupancy in the secondary forest sites. Estimates were derived from surveys conducted in 2015 and 2016 at 65 restored farms and 40 secondary forest locations that served as reference sites (Wade et al. 2008; Battle 2017) . We summarized responses using a chronosequence defined by three equally spaced classes based on time-since-initial-restoration (TSIR): new (2011-2014), intermediate (2007-2010) , and old farms (2003) (2004) (2005) (2006) . These classes were designed to (1) serve as a reference or temporal benchmark to compare average occupancy estimates among TSIR classes, and (2) maximize the number of farms per class while avoiding the uncertainty in aging farms or years without restorations. We addressed the second question by estimating the local (farm) extinction probabilities based on surveys conducted from 2015 to 2017. We focused on the probability of local extinction because it can be interpreted as local persistence (one-extinction probability), hence, a metric of value to planners and decision makers at landscape levels.
We framed this work under the restoration program's working hypothesis, that is, shade-layer restoration will increase vegetation complexity in farms, and thus have a positive influence on avian species (e.g. occupancy, abundance; Tews et al. 2004) . We predicted that frugivore/forest specialists would exhibit higher average occupancy as TSIR increased, whereas insectivores/open specialists would exhibit an opposite response. We also hypothesized that forest specialists would exhibit decreasing probability of local extinction rates. We discuss the implications of restored farms for avian occupancy and persistence on landscapes dominated by coffee plantations in Puerto Rico and elsewhere in the tropics, and the potential to accrue ecological services from members of the avian community.
Methods

Study Area
Our study took place in the west-central region of Puerto Rico, which is the main coffee production area in the island (Fig. S1 , Supporting Information). The landscape consists of a mosaic of coffee production lands (sun and shade), low-density urban areas, shrub-lands, and secondary forests. In addition, this area contains five of Puerto Rico's state forest reserves. We monitored 65 restored farms located across 11 municipalities with the eastern most being Villalba (18 ∘ 08.953 (Hutto & Pletschet 1986; Alldredge et al. 2007 ). Observers were designated as primary and secondary, recording detections independently for each species. After each survey, observers consulted briefly with each other to determine the number of individuals detected by each observer and those that were detected by both observers to avoid duplicity (Nichols et al. 2000) . Four (4) surveys were conducted between March and June each year. This period encompasses the breeding season of resident avian species in Puerto Rico (Gleffe et al. 2006) , thus minimizing changes in detectability throughout the season (Thompson 2002). All surveys were conducted between 06:00 and 10:00 hours. In 2017, we conducted an additional round of surveys, as described above, but only at the 65 farm survey stations.
We surveyed 12 species selected a priori based on the expectation of securing sufficient data to run species-habitat models (e.g. Irizarry et al. 2016 ) and the need to gain ecological insights about potential responses and roles based on avian foraging guilds and habitat preferences. We classified species into two groups based on accounts of their natural history and primary habitat affinities (Raffaele et al. 1998 (Carlo & Morales 2016) .
Vegetation Surveys
We measured tree density (trees/0.04 ha) and shrub/bush density (shrub/0.008 ha) at each survey station following procedures described by Carlo et al. (2004) . We classified any vegetation, other than herbaceous, as shrubs or bushes if the plant had a diameter at breast height (dbh) of 2.5-5 cm; plants greater than 5 cm were considered trees. We used ArcMap 10.4.1 (ESRI 2011) to estimate the percent vegetation cover within 50 and 200 m radii of each survey station. Vegetation cover classes included (1) secondary forest, (2) shaded coffee, (3) open (sun) coffee, (4) semishaded coffee (i.e. mix of coffee bushes, crops, and shade trees), (5) shrubs (e.g. bushes no coffee), and (6) "other" (e.g. impervious surfaces, bare ground, housing). We also conducted a qualitative assessment of the progression of vegetation cover in restored parcels within eight "old" farms using images from Google Earth V 7.1.8.3036 (32-bit; 13 September, 2016; Puerto Rico DigitalGlobe, www.digitalglobe .com; Google Earth, www.google.com/earth; CNES, www.cnes .fr/en). Parcels were georeferenced, creating polygons whose vegetation cover would be inspected using aerial imagery from 2004, 2007, 2010, to 2014 . We also recorded all tree species with fruit and flowers within 50 m of the survey station during each sampling occasion to create a fruit availability index (FAI). Data were categorized into four (4) groups: 0 = none, 1 = 1-3 species, 2 = 4-6, and 3 = ≥7 tree species known to be consumed by bird species in Puerto Rico (Carlo et al. 2003) .
Analyses
Survey data were converted into a binary encounter history (1 = presence, 0 = nonpresence). Data collected in 2015 and 2016 were used to estimate occupancy probability using single-season, single-species models employing program Presence 11.5 (Hines 2006) . Occupancy is defined as the probability that a site (restored farm or forest site) is occupied by a resident species, adjusted for the probability of detecting an individual when it is present at a survey site (MacKenzie et al. 2003) . We modeled detection probability (p) as a function of: TSIR, survey year (YR; 2015 , within season sampling occasion (T), and interaction between survey year and sampling occasion (YR×T). In addition, we modeled vegetation covariates measured at the station level that might affect visual or auditory cues. For example, tree density (TDEN) and shrub density (SDEN) might obstruct visual detection or induce signal attenuation, whereas seasonal FAIs might influence detection as species aggregate (or not) at fruiting trees. We modeled occupancy as a function of TSIR, YR, TDEN, SDEN, averaged FAI, percent canopy cover at 50 m (F50) and 200 m (F200), and percent open habitat at 50 m (O50) and 200 m (O200). If models were over-parameterized (e.g. TSIR, TSIR×YR), we used a binary category (NS) contrasting forest canopy cover (F200) in sun-cultivated (new) versus shade cultivated parcels (intermediate + old). Forest cover in sun-cultivated parcels was 12.71 ± 2.87% versus 42.43 ± 3.04% in shade cultivated parcels. Average forest cover in reference sites (secondary forest) was 52 ± 5% (95% CIs: 42-63%; Battle 2017).
We conducted a second set of analyses to estimate occupancy, extinction, and colonization rates, after adjusting for imperfect detection, using a multiseasonal analytical approach using program Presence (MacKenzie et al. 2003; Hines 2006) . We used encounter histories generated from survey data collected in 2015, 2016, and 2017. We focused on the PUEB, SNPI, PRVI, NOMO, and GRAK, a mix of forest and open specialists with sufficient data for analyses. Our interest was to identify covariates that might influence local extinction probability because it could be interpreted as local persistence (one-local extinction probability). We define local extinction as the probability that a farm becomes unoccupied by a species between year t and t + 1. We treated each year as a primary sampling period; surveys within a year were treated as secondary sampling periods. We modeled parameters using a subset of habitat covariates that we considered would not change noticeably over the 3 years of avian surveys such as forest canopy cover (200 m), tree density (TDEN), and open versus forested parcels (NS). We included TSIR classes as a temporal reference relative to restoration initiation year. We also included the sum of secondary forest and shaded coffee cover (Fsh200) derived from resource selectivity analyses of PUEBs in 2016 (Irizarry 2017 Akaike's information criterion (AIC) was used to evaluate the support in the data for the strength of each covariate's effect on model parameters (Burnham & Anderson 2002) . Models with a ΔAIC ≤ 2 were considered to have substantial support in the data. The relationship between the probability of occupancy and the effect of covariates (i.e. -coefficient) was considered to have strong support if the 95% CI did not overlap zero; otherwise, we considered it a weak relationship. We summarized occupancy results for surveys conducted in 2015 and 2016 as the average occupancy (± SE) per TSIR class. TSIR served as a temporal frame of reference to compare groups of farms that shared initiation times while helping us manage the uncertainty associated with accurately aging farms or years without restorations. We note that each farm was 2 years older in 2016 when surveys for these analyses were completed. Thus, the bounds of the chronosequence TSIR classes were 2-5, 6-9, and greater than 10 years. The reader needs to be aware that we did not treat TSIRs as state variables (sensu Breininger et al. 2010) . Results for surveys conducted between 2015 and 2017 were plotted as a function of habitat covariates. Parameter (±SE) estimates are reported.
Careful consideration of model assumptions was important for the interpretation of model results. Models assume that: (1) species' occupancy at a site remains constant within breeding season, but open to changes between years, (2) all surveys were independent, (3) species were identified correctly, and (4) there is no unmodeled heterogeneity (MacKenzie et al. 2006) . We believe that assumptions were met for the following reasons: sampling took place during the known breeding season of focal species (Collazo & Groom 2000; Gleffe et al. 2006; Wiewel et al. 2013 ), surveys were conducted every 2 weeks at stations spatially segregated (at least 500 m apart), and observers were trained to minimize misidentifications. 
Results
Vegetation Structure
The average size of restored parcels within farms was 6.46 ha (95% CIs = 4.9-8.0 ha) or an average proportion of 37% (95% CIs = 30-44%) of each farm. Tree species richness per TSIR was 18 (new), 25 (intermediate), and 24 (old). These tallies included the four species used in the shade restoration program (Table S1 ). Average (SE) dbh for shade restoration trees generally increased with TSIR (Table 1) . Average (SE) FAI scores were similar across categories: 1.87 ± 0.16 (new), 1.94 ± 0.10 (intermediate), and 2.00 ± 0.16 (old). Average density of shrubs/bushes was 5.05 ± 0.81 (new), 5.69 ± 0.85 (intermediate), and 5.15 ± 0.88 (old). Shrub/bush species richness in all TSIR classes was 18 species (Table S2) (Fig. 1A) . Differences for open habitat 50 m were significant (one-way analysis of variance, F = 5.09; p < 0.001, n = 130). The progression of forest canopy cover over time was captured in aerial photographs in all eight old farms under evaluation. Polygons of the restored portions of farms clearly gained canopy cover over the four time-snap shots ( Fig. 2A-D) . Differences in canopy cover, however, were not discernable at 50 ( (Fig. 1B) or 6-9 years after the initial restoration. Vegetation survey summary statistics are listed in Table S3 .
Avian Responses
We recorded 41 resident avian species during the study (Table S4 ). Avian species richness was similar among TSIRs (new = 39; intermediate and old = 38 each). Average occupancy probability for frugivore/forest specialists increased with TSIR, and in most cases, occupancy was similar to levels recorded in forested sites. This is illustrated by the endemics PRSP and PUEB, and the largest member of the family Columbidae on the island, the SNPI (Fig. 3A) . The influence of farms classified as new on the average occupancy of both endemic species was negative and strong (PRSP = −1.07 ± 0.46; PUEB = −0.84 ± 0.40). The influence of farms classified as old and reference forest sites on SNPI average occupancy was strong and positive ( = 2.72 ± 0.79). The exception to these patterns was the ANEU whose average occupancy probability was high regardless of TSIR (new: 0.87 ± 0.11, old: 0.92 ± 0.04) as compared to forest sites (0.77 ± 0.07). Most insectivores/open-habitat specialists exhibited a decrease in average occupancy probability with TSIR, also as predicted. This is illustrated by the granivore YFGQ, and insectivorous GRAK and NOMO (Fig. 3B) . The influence of forest sites on YFGQ occupancy versus all TSIR farms was negative and strong ( = −3.32 ± 0.72). The influence of farms classified as new on NOMO occupancy was strong and positive ( = 1.56 ± 0.59), whereas the influence of farms classified as new on GRAK occupancy was positive and strong ( = 3.01 ± 1.28). Model selection tables featuring the full candidate sets for every species and -coefficients for covariates that influenced occupancy are summarized in Tables S5-S7 . Variations in occupancy probabilities for the frugivores PRSP and SNPI were best explained by models that featured forested canopy cover (F200; Table S5 ). The influence of this covariate was positive and strong for both species (Table S6) . For PUEB, variation in occupancy was best explained by a contrast between open and forested parcels (NS ; Table S5 ). Occupancy probability was 0.57 ± 0.11 (open) as compared to 0.93 ± 0.03 (forest sites). A competing model (ΔAIC ≤ 2) featured forest canopy cover, but its influence was weak (Table S6 ). For the Puerto Rican Tanager, variation in occupancy was strongly influenced by FAI, but weakly by forest canopy cover (F50 ; Tables S5 & S6) . There was a lot of uncertainty with respect to factors that influenced occupancy for ANEU. Variation in occupancy was spread over seven competing models, and the top model did not feature any covariate (Table S5) .
Occupancy Probability
Occupancy of the insectivores PRVI and NOMO was strongly influenced by forest canopy cover (F200; Table S7 ). The influence of forest canopy cover on PRVI was positive, whereas it was negative for NOMO (Table S6) . PRFL occupancy was negatively but weakly influenced by forest cover (F50 ; Tables S6 & S7) . Best supported models for YFGQ and GRAK suggested occupancy was negatively, but weakly influenced by tree density (TDEN ; Tables S6 & S7) . GRAK occupancy was also weakly influenced by FAI. There was high uncertainty with regard to factors accounting for variation in occupancy for Lesser Antillean Pewee (LAPE) and the LOKI (Table S7 ). Variation in occupancy was shared among 10 competing models for LAPE and 8 for LOKI.
Interannual local extinction probability for PRBU, SNPI, and PRVI decreased as structural complexity in restored farms increased (Fig. 4) . Variation in occupancy for the frugivores PUEB and SNPI was best explained by models that featured a contrast between open and forest canopy cover (NS), and extinction probability by forest canopy cover (F200 or Fsh200; Table S8 ). The influence of forest canopy cover was negative and weak for both species (SNPI = −0.74 ± 0.44; PUEB = −1.06 ± 0.62). Variation in extinction or colonization rates for the insectivore PRVI was best explained by models that featured Fsh200 (Table S8 ). The influence of this covariate was negative and strong ( = −0.92 ± 0.45). NOMO local extinction rates were positively, but weakly influenced by the amount of forest canopy cover (F200 or Fsh200; = 2.23 ± 1.24; Fig. 4 ). Local extinction rates for GRAK were influenced by TDEN, but also weakly ( = 0.92 ± 0.51).
Discussion
We quantified the response of 12 resident avian species to the sun-to-shade restoration program implemented in Puerto Rico in 2003 to enhance habitat quality of farms in intensely cultivated landscapes (Moguel & Toledo 1999; Miranda-Castro & Padrón 2005) . As expected, dbh of the tree species used to restore the shade layer increased over time, with concomitant increases in canopy cover in farms. A deviation from this pattern was exhibited by the dbh of Inga laurina and Cordia alliodora in intermediate classed farms. Plausible explanations for this pattern are lower tree survival in some farms or that farmers cut down trees. The latter occurs when farmers perceive that too much shade could overtake sections of a parcel (AD Irizarry, 2016, NCSU, personal observation) . An instance of the latter is visible in the aerial images of 2014, which may also account for the drop in average forest canopy cover in some old TSIR farms. Marked and consistent decrease in open habitat in restored parcels was commensurate with increases in forest canopy cover. Findings suggested that restored parcels reached or exceeded the program's target canopy cover of 30-40% at ≥6 years postinitial restoration.
It was not surprising that average occupancy probability for most frugivorous/forest specialists was positively influenced by forest canopy cover, fruit availability, and tree density. Also as expected, many insectivores/open specialists exhibited a strong but opposite response. The strong relationship between forest canopy cover and occupancy for frugivorous/forest specialists was further corroborated by assessing resource selectivity of PUEBs (Irizarry 2017) . Radio telemetry studies indicated that the bullfinch used secondary forest more than expected based on its availability, and used restored shade coffee parcels in equal proportion to its availability. Open (sun) coffee parcels were used less than expected. It was noteworthy that there were exceptions to expected patterns as shown by some insectivores (LOKI, LAPE) and a frugivore (ANEU). These responses likely reflect the intrinsic ability of many island species to exploit altered and novel habitats (Acevedo & Restrepo 2008; Lugo et al. 2012; Irizarry et al. 2016) . Measuring actual ecosystem services was beyond the scope of this work; however, valuable insights were gained from the shifting occupancy levels of our focal avian species. For example, the presence of various seed dispersers was heightened with TSIR (e.g. bullfinch, tanagers, columbids; Carlo et al. 2003) , and in some cases, at levels similar to those obtained in secondary forest sites. We stress that services from this suite of species are likely amplified because we also documented increasing frugivore density (birds/hectare) as a function of TSIR (Irizarry 2017) . Interestingly, seed-dispersal services are not limited to frugivores/forest-dependent species. Insectivores like NOMOs and GRAKs, prevalent in newly restored farms, provide an alternative pathway to accelerate reforestation (Carlo & Morales 2016) . This ecological service is valuable in many agricultural contexts, including restoring cover in newly restored and abandoned farms. Insectivores are also invaluable as biocontrols of many coffee pests, a role well documented in Puerto Rico (Borkhataria et al. 2006 (Borkhataria et al. , 2012b and elsewhere (Wilby & Thomas 2002; Perfecto et al. 2004; Karp et al. 2013) . We note that insectivores were never absent in farms, regardless of TSIR, suggesting that their services are not completely lost with the shade restoration program evaluated herein.
Shaded coffee plantations purportedly played a role in minimizing extinction rates in Puerto Rico (Brash 1987 ). This hypothesis is predicated on the plantations' ability to function as forested habitats (Borkhataria et al. 2012a; Perfecto & Vandermeer 2015) . Support for this hypothesis comes from the capacity of shaded plantations to provide foraging resources to many resident species (Carlo 2005) , and suitable habitat for successful reproduction, a fitness parameter (Gleffe et al. 2006) . Our work expands this mounting evidence by showing that local annual extinction probability for three forest specialists (e.g. PUEB, SNPIs) decreased with increasing habitat complexity. This response also includes species like the PRVI. This is a species regarded primarily as an insectivore whose local extinction probabilities decreased with TSIR, likely due to its affinities to forested habitats (Raffaele et al. 1998) .
Landscapes in the Caribbean have been modified extensively, largely owing to human activities (Lugo & Helmer 2004; Radeloff et al. 2015) . Coffee cultivation is a major contributor of such changes in Puerto Rico, but it is also a practice that could offer opportunities to address habitat enhancement and commodity objectives concurrently. Our work affirmed the potential of shade restoration programs to help curb the effects of agricultural intensification practices geared toward sun coffee. We showed that persistence of local avian populations could be enhanced as habitat complexity increases, and that shade restoration could be used to enhance habitat quality between reserves, effectively creating "stepping stones" (Baum et al. 2004) , or expand existing reserves through the restoration of plantations in their vicinity (Lawler 2009; Perfecto & Vandermeer 2015) . These landscape design options integrate two factors that influence extinction probabilities, namely, habitat quality and cluster or patch size (Hanski 1998 ; Irizarry et al.
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